The expression of leukotriene C4 synthase (LTC4S) was examined during the development of eosinophils in vitro from cord blood mononuclear cells. At 7 days, the cells contained mRNA and sodium dodecyl sulfate-polyacrylamide gel electrophoresis immunoblot signals for cytosolic phospholipase AZ (CPLA,), 5-lipoxygenase (5-LO), and 5-lipoxygenase-activating protein (FLAP), but lacked LTCS and did not generate cysteinyl leukotrienes when stimulated with 20 pmol/L calcium ionophore. At 14 days, 94% of the cells were of eosinophil lineage, both LTC4S mRNA transcript and protein were present, and ionophore stimulation resulted in the generation of 23.9 ? 6.0 pmol cysteinyl leukotrienes/lO' eosinophillineage cells (mean ? SEM, n = 6). At 28 days, progressive eosinophil maturation was accompanied by further incre-HE CYSTEINYL leukotrienes (LT) C4, D4, and E4, are T products of arachidonic acid metabolism via the 5-lipoxygenase (5-LO)/LTC4 synthase (LTC4S) pathway. These lipid mediators potently provoke bronchoconstriction when inhaled by individuals both with and without asthma,'.' induce mucus production by human airways in vitro,' and augment venular permeability when administered intracutan e o~s l y .~
from perinuclear membrane phospholipids by a cytosolic 85-kD phospholipase A2 (cPLA2), which translocates to the perinuclear membrane via a calcium-binding domain.I3 The released arachidonic acid associates with an integral perinuclear membrane protein, 5-lipoxygenase activating protein (FLAP), which presents arachidonic acid to 5-LO.l4 5-LO sequentially converts arachidonic acid to 5-hydroperoxyeicosatetraenoic acid and then to LTA,. LTA, is subsequently conjugated to reduced glutathione by LTC4S," an integral perinuclear membrane protein with significant amino acid and nucleotide homology to to form LTC4, the intracellular parent compound of the cysteinyl leukotrienes. A distinct carrier system exports LTC4I8 for extracellular conversion to the receptor-active metabolites, LTD4 and LTE4, by the sequential removal of glutamic acid via gamma glutamyl transpeptidase," and of glycine by dipeptidase." Among other granulocytes, neutrophils selectively convert LTA, to LTB4 via the terminally acting epoxide hydrolase,2' whereas monocytes and macrophages possess both terminal enzymes of the 5-LO pathway, but predominantly produce LTB4 when activated." Thus, LTC, production is a feature of the effector cells that are most strongly implicated in allergic inflammation: eosinophils, basophils, and mast cells.
Freshly isolated peripheral blood eosinophils generate cysteinyl leukotrienes in response to stimulation with calcium ionophore A23 l 87.9,'0,23 Furthermore, normodense peripheral blood eosinophils cultured in the presence of the eosinophilopoietic cytokines interleukin-3 (IL-3), IL-5, or granulocyte-macrophage colony-stimulating factor (GM-CSF) with a monolayer of murine 3T3 fibroblasts exhibit prolonged viability and conversion to a functionally primed hypodense These hypodense eosinophils manifest augmented ligand-induced functional responses, including the production of LTC4." The capacity of eosinophils to generate LTCd has also been studied after their development in vitro. Eosinophils of 80% to 90% purity were derived in vitro from cord blood over 21 to 41 days of culture with recombinant human (rh) IL-3 and a T-cell-conditioned medium.27 The remaining cells were predominantly basophils. These eosinophils derived in vitro generated 24.3 ng (38 pmol) LTC4/106 cells in response to stimulation with calcium ionophore, confirming that their 5-LO/LTC4S pathway was intact at 21 days." However, the order of appearance of the 5-LO/LTC4S pathway proteins and the corresponding development of an integrated functional response to calcium ionophore has not previously been assessed during eosinophil development in vitro.
The recent cloning of the cDNA encoding human LTC4S16,17 and the development of an affinity-purified rabbit polyclonal antibody to purified human lung LTC4S2* have provided the reagents needed to examine the expression of this protein during eosinophilopoiesis. We have recently also created an in vitro system for the development of eosinophils from cord blood mononuclear cells, resulting in a 90% pure population of hybrid eosinophilhasophil granulocytes after a 14-day period of culture in enriched medium supplemented by 350 pmol/L rhIL-3 and 200 pmol/L rhIL-5 in a flask coated with a soluble basement membrane, Mat1igel.2~ When maintained under the original culture conditions for a total of 28 days, these hybrid granulocytes subsequently developed into a nearly pure population of eosinophils, 75% of which were monon~clear.~~ We used these molecular reagents and this culture system to study the development of the 5-LO/LTC4S pathway during eosinophilopoiesis in vitro. We demonstrate that the proximal elements of the 5-LO pathway develop early during eosinophilopoiesis, while the appearance of the terminal component, LTC4S, is delayed. Indeed, incremental expression of LTC4S depends on both cytokine-driven selection and maturation of the eosinophil lineage.
MATERIALS AND METHODS
Tissue culrure. Eosinophils were differentiated in vitro from human cord blood-derived progenitors as des~ribed.~~.'~ Briefly, heparinized whole cord blood was centrifuged for 30 minutes at 300g at room temperature over a cushion of Ficoll-Paque (1.77 g/mL), and the mononuclear cell fraction was collected. The mononuclear cells were suspended into enriched medium (RPM1 1640 supplemented with 100 U/mL of penicillin G, 100 pg/mL of streptomycin, 10 pg/ mL of gentamicin, 2 m o V L L-glutamine, 0.1 m o V L nonessential amino acids, 10% fetal calf serum [FCS; Sigma Chemical CO, St Louis, MO]) with 50 pnoVL P-mercaptoethanol, 350 pmoVL rhL-3, and 200 pmol/L rhIL-5 (R & D Systems, Inc, Minneapolis, MN) at 0.5 to 2.0 X IO6 cells/mL in 25-mL plastic tissue culture flasks containing a l-mm layer of Matrigel (Collaborative Research, Burlington, MA). The medium containing cytokines at the same concentrations was changed every 7 days. Cytocentrifugation slides were prepared before culture and weekly thereafter and stained with Wright's and Giemsa stains to generate differential cell counts. Resulting cell phenotypes were defined as follows: cells with both eosinophil (red) and basophil (blue) granules were designated hybrid granulocytes"; cells with only red granules were classified as eosinophils and were further classified according to the presence of a single-lobed (mononuclear eo~inophil)'~ or segmented nucleus; and mononuclear cells lacking visible granules were not further characterized. Hybrid granulocytes, mononuclear eosinophils, and eosinophils with segmented nuclei were classified as eosinophil-lineage cells.
Cultures of cord blood mononuclear cells of less than 10 days duration contained morphologically heterogeneous cells, including mature eosinophils, monocytes, and neutrophils, that express 5-LO pathway proteins.2'.22 Therefore, a positive selection procedure to purify CD34-bearing hematopoietic progenitor cells from cord 4339 blood" was used in six experiments to characterize the expression of the 5-LO/LTC4S pathway proteins in primitive eosinophil progenitors. In these experiments, assessment of these proteins was limited to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) immunoblot analysis because of low cell numbers. The mononuclear cell fraction of cord blood was collected as described above. The mononuclear cells were washed two times in phosphatebuffered saline (PBS), pH 7.2, containing 5 mmol/L EDTA. After the cells were pelleted by centrifugation at 200g at 4°C for 10 minutes, they were resuspended in PBS containing 10% FCS and 5 mmoVL EDTA at a concentration of 3.3 X IO8 cells/mL. The cells were incubated at 4°C with immunomagnetic beads conjugated to a rabbit antihuman CD34 antibody (Miltenyi Biotech, Sunnyvale, CA) according to the manufacturer's protocol. The CD34-bearing hematopoietic progenitor cells were collected bp elution after their adhesion to a magnetic cell separation (MACS) column (Miltenyi) ." The purified progenitor cells were then cultured as described above at an initial concentration of I X 10, c e l l s / d . Cytocentrifuge-generated slides were stained ar 0, 3, 7, 10, and 14 days to quantitate the fraction of eosinophil-lineage cells at each time point.
For experiments involving mature peripheral blood eosinophils, eosinophils were isolated with a MACS column" from the peripheral blood of donors with allergic rhinitis who were not receiving glucocorticoid therapy or nonsteroidal antiinflammatory drugs. After consent was obtained, whole blood was drawn from the donors into 50-mL syringes containing 1,000 U sterile heparin. The erythrocytes were sedimented with 4.5% dextran at 37°C for 1 hour. The granulocyte-enriched cell pellet was collected by centrifugation through Ficoll-Paque (1.77 g/mL) at 350g for 30 minutes at 4°C. After the residual erythrocytes were removed by repeated hypotonic lysis, the granulocyte pellets were incubated for 40 minutes at 4°C with immunomagnetic beads coupled to a rabbit antihuman CD16 antibody (Miltenyi) . The granulocytes were then suspended in 25 mL PBS containing 10% FCS at 4°C and eluted through a MACS column. The nonadherent eosinophil fraction was quantitated by counting in a hemocytometer. To assess purity, differential cell counts were performed after cytocentrifugation and staining with Wright's and Giemsa stains. Eosinophils were suspended at a concentration of lo6 cells/mL in enriched medium supplemented with 10 pmolL rhIL-5 for 7 days on a confluent monolayer of murine 3T3 fibroblasts (line CCL 92, American Tissue Culture Collection, Rockville, MD) to convert them to a functionally primed, hypodense phenotype as described.a The average purity of peripheral blood eosinophils used in this study before their culture was 93% t 2% (mean 2 SEM, n = 6), with most of the contaminating cells being mononuclear cells.
Analysis of 5-LO/LTC4S pathway activity in intact cells. At designated time points, the cells were washed into modified Hanks' balanced salt solution, pH 7.2, containing calcium and magnesium and 0.2% fatty acid-free bovine albumin (HBSA) and 20 mmoVL L-serine at a density of I X 10' cells/mL. L-serine was included in the assay to prevent hypochlorous acid-dependent metabolism of the newly synthesized cysteinyl leukotrienes to the subclass-specific diastereoisomers and to 6-trans-LTB4."." To assess the activity of the 5-LO pathway in the intact cells, a 200-pL sample of each cell suspension was stimulated for 10 minutes at 37°C with a 20-pmoV L concentration of calcium ionophore A23 187.2' This concentration of ionophore was on the plateau for LTC, generation for each of the cell populations studied. After IO minutes, the reaction was terminated by adding 2.5 volumes of cold methanol containing 400 ng/mL prostaglandin (PG) B2. The cells were sonicated for 10 seconds in a Branson water sonicator, vortexed, and centrifuged in a tabletop Eppendorf microcentrifuge at maximum speed at room temperature. The production of 5-LO pathway products was quantitated by integrative optical density at 280 nm during reverse-phase For personal use only. on October 23, 2017. by guest www.bloodjournal.org From high performance liquid chromatography (RP-HPLC) of the clarified methanolic extracts. RP-HPLC was performed with a model 126 dual pump system and a model 167 scanning UV detector (Beckman Instruments, Inc, Wakefield, MA) with Beckman System Gold software. The extracts were applied to a S-pm, 4.6 X 2.50 mm C I R Ultrasphere reverse-phase liquid chromatography column (Beckman) equilibrated with 100% methanoVacetonitrile/water/acetic acid (10:15:100:0.2, vol/vol, pH 6.0) (solvent A) and eluted at 1 mL/min with a program providing a concave gradient (System Gold curve 6) to SS% of the equilibrated solvent and 45% of methanol (solvent B) over 2.5 minutes. After 5 minutes, the proportion of solvent B was increased linearly to 75% over the next 1.5 minutes and maintained for an additional IS minutes. PGBz was used as the internal standard. Ultraviolet (UV) absorbance at 280 nm and the UV spectra were recorded simultaneously. The retention times for PGB2, LTB4, LTC,, LTD4, and LTE, were 20.7, 24.0, 21.6, 23.6, and 26.0 minutes, respectively. LTC, and LTD, were quantitated by calculating the ratio of the peak areas to the area of the internal standard PGB2. Results were expressed as pmol LTC, and LTD4 per IO6 total eosinophil-lineage cells.
Analysis of LTC4S activity. For the analysis of LTCS activity, 2 X IO5 cells were washed into 250 pL of 50 mmoVL HEPES buffer, pH 7.6, containing IO mmol/L MgClz. The cells were sonicated on ice with a Branson sonicator three times for S seconds each. Reduced glutathione and LTA4 methyl ester (ME) were added to the sonicates to final concentrations of IO mmol/L and 20 pmol/L, respectively. The samples were incubated at room temperature for IO minutes, and the reactions were terminated by the addition of 2 volumes of cold methanol containing 400 ng/mL PGBz as described above. After centrifugation of the sonicates in a tabletop microcentrifuge for 5 minutes at maximum speed, the supernatants were removed and applied to a 5-pm CIS Ultrasphere column as described above. The column was equilibrated with solvent A. After injection of the sample, the column was eluted at a flow rate of 1 mL/min with a programmed concave gradient (System Gold curve 6) to 30% solvent A and 70% solvent B over 0.2 minutes. After 2.8 minutes more, solvent B was increased linearly to 90% over 2 minutes and was maintained at this level for an additional 10 minutes. UV absorbance at 280 nm and the UV spectra were recorded simultaneously. The retention times for PGBZ and LTC4ME were 8.5 minutes and 10.1 minutes, respectively. LTC,ME was quantitated by calculating the ratio of the peak area to the area of the internal standard PGB2.I7 Detection of proteins of the 5-L4YLTC4S parhwuy. SDS-PAGE immunoblot analysis was performed on total protein extracts obtained by resuspending the cell pellets in Tris/glycine/SDS buffer containing bromphenol blue (Novex, San Diego, CA) and 0.5% pmercaptoethanol at a density of lo7 cells/mL and boiling the mixtures for 5 to 15 minutes. Ten-microliter portions (1 X IO5 cell equivalents) were pipetted into the wells of a precast 14% SDS-polyacrylamide gel (Novex). After electrophoresis, the proteins were transferred onto nitrocellulose membranes (Bio-Rad Labs, Hercules, CA) in a transfer buffer containing 20 mmoVL Tris, 150 mmom glycine, and 20% methanol with a Mini-Trans-Blot Electrophoretic transfer cell (BioRad) at 80 mA overnight. The membranes were then incubated for 1 to 3 hours at room temperature in a blocking buffer containing 10 mmol/L Tris-HCL, pH 7.4, 150 mmoVL NaCI, and O S % Tween-20 (Bio-Rad) (TITS) with 3% nonfat dry milk and O S % normal goat serum. One of the following antisera was then added: (l) a 1:2,ooO dilution of a rabbit antihuman polyclonal antibody against cPLAZ'~ (J. Clark, Genetics Institute, Cambridge, MA); (2) a l:S,OOO dilution of a rabbit antihuman 5-LO polyclonal antibody34 (J. Evans, MerckFrosst Centre, Quebec, Canada); (3) a 1:5,000 dilution of a rabbit antihuman polyclonal antibody to FLAP34 (J. Evans); or (4) a 1:500 dilution of a rabbit polyclonal antibody against LTC4S.'* After a 1-hour incubation at room temperature with the appropriate antibody, BOYCE ET AL the membranes were washed for 30 minutes in TTBS, and blocking buffer containing a 1:3,000 dilution of a horseradish peroxidaseconjugated goat antirabbit IgG (Bio-Rad) was added. After a l-hour incubation and a 2-hour wash in TTBS at room temperature, the protein bands were visualized with a chemiluminescent technique using an enhanced chemiluminescence (ECL) SDS-PAGE/immunoblot analysis system (Amersham, Arlington Heights, IL). The densities of the protein bands were measured with a densitometer, with background density subtracted from each measurement."
Detection of transcripts of the S-LO/LTC,Spathway during eosinophilopoiesis. In parallel with the above analysis of proteins, the steady state mRNA levels for cPLA,, S-LO, FLAP, and LTC4S were examined by RNA blot analysis. Total cellular RNA was extracted from S to I O X 10' cells with TRI Reagent (Molecular Research, Inc, Cincinnati, OH).29 Five-to IO-pg samples of total RNA were loaded into the wells of 1.3% agarose gels prepared in 1 X 3-[Nmorpholino]propane-sulfonic acid (MOPS) buffer, pH 7.0, and 20% formaldehyde. After electrophoresis, RNA was transferred from the gel to Magnagraph nylon membranes (Micron Separations, Inc, Westboro, MA) overnight by capillary action. The resulting blot was baked at 80°C for l hour, then prehybridized in SX standard saline citrate (SSC), 2 x Denhardt's solution, 0.2% SDS, 100 p g l d salmon sperm DNA, and 50% formamide overnight in a 43°C Hybaid oven (National Labnet CO, Woodbridge, NI). The blots were incubated with the appropriate random-labeled cDNA probes (S to I O X IO7 cpm) at 43°C overnight in SX SSC, 2X Denhardt's solution, 50% formamide, 0.25% SDS with 100 pg/mL denatured salmon sperm DNA as a blocking agent. The following human DNA probes were used: cPLAZ1' (1. Clark, Genetics Institute, Cambridge, MA). S-L0,34 FLAP'4 (J. Evans, Merck Frosst, Quebec, Canada), and LTC4S.I7 The blots were washed under conditions of high stringency at SS"', and autoradiography was performed with Kodak XAR film. The densities of the hybridization signals corresponding to the transcripts of interest were assessed by visual inspection. Densitometric measurements with background subtraction and actin correction were no more informative than inspection and are not presented.
Statistical analysis. The statistical significance of differences in cysteinyl leukotriene production between sample means for each set of cells was based on comparison as determined by the two-tailed Student's t-test for matched pairs. Results were expressed as mean 2 SEM, except in cases where less than three replicate sets of data were available, in which case the results were expressed as mean 2 1/2 range.
RESULTS
Generation of cysteinyl leukotrienes by stimulation of cord blood-derived eosinophils and peripheral blood eosinophils with calcium ionophore A23187. Cord blood-derived mononuclear cells were harvested after 7, 14, and 28 days of culture with 350 pmol/L rhIL-3, 200 pmol/L rhIL-5, and Matrigel. The harvested cells were stimulated with 20 pmoY L calcium ionophore A23187 for 10 minutes at 37°C. At 7 days, 19% i-7% of the cells were immature-appearing eosinophils or hybrid granulocytes with sparse eosinophilic cytoplasmic granules and prominent vacuoles (Fig lA) , 1% 2 1 % were basophils, and the remainder were mononuclear cells lacking visible cytoplasmic granules (n = 3). NO CYSteinyl leukotrienes were detected at 7 days after stimulation of the cells with calcium ionophore (Table 1) 2 0.5% mononuclear cells lacking granules). When these 14-day cells were stimulated with calcium ionophore, they produced 23.9 ? 6.0 pmol cysteinyl leukotrienes/106 eosinoPhil-lineage cells, of which 16.5 ? 4.4 pmol was LTC4, and 7.4 ? 1.6 pmol was LTD4 (n = 6). At 28 days, the purity of eosinophil-lineage cells was 93% t 6%, with most having exclusively eosinophil granules (64% t 2% mononuclear eosinophils, 20% t 2% eosinophils with nuclear segmentation, 9% t l% hybrid eosinophil/basophil granulocytes, 3% t 1% basophils, and 3% ? 1% mononuclear cells without granules) and increased nuclear condensation compared with the 14-day cells (Fig 1C) . The ionophore-stimulated 28-day cells produced 94.6 t 9.0 pmol cysteinyl leukotrienes/106 eosinophil-lineage cells, of which 64.8 ? 4.3 pmol was LTC4 Calcium ionophore-stimulated production of cysteinyl leukotrienes by cord blood-derived cells at various stages of eosinophilopoiesis in vitro, and by peripheral blood eosinophils before and after a 7-day period of culture on a monolayer of murine 3T3 fibroblasts in the presence of 10 pmoVL rhlL-5. All cell populations were stimulated for 10 minutes with 20 pmoVL calcium ionophore A23187. The quantities of cysteinyl leukotrienes are expressed as pmol per 10' eosinophil-lineage cells. Eosinophil-lineage cells were defined as hybrid eosinophilbasophil granulocytes and eosinophils as determined by staining with Wright's and Giemsa stains.
For was detected. The total cysteinyl leukotriene production/lOh eosinophil-lineage cells increased in each of the six experiments in which 14-day and 28-day cells were compared (P < .001) ( Table 1) .
Freshly isolated peripheral blood eosinophils (93% 2 2% pure) produced 29.8 2 8.1 pmol LTC4/10h cells when stimulated with calcium ionophore (n = 4). After the cells were cultured for 7 days on a monolayer of 3T3 fibroblasts in enriched medium supplemented with I O pmol/L rhlL-5,99% 2 1% of the surviving cells were eosinophils, and their production of LTC, increased to 96.3 2 14.2 pmol LTC4/ IOh cells ( Table 1) . Peripheral blood eosinophils did not produce LTD,, either before or after the 7 days of culture. As compared with freshly isolated eosinophils, cysteinyl leukotriene production increased with 7 days of culture in all four experiments performed (P < .05). The amounts of LTC4 produced by replicate peripheral blood eosinophils cultured for 7 days in the presence of low (10 pmol/L rhIL-5) and high (350 pmol/L rhTL-3 and 200 pmol/L rhIL-5) concentrations of cytokines were equivalent (n = 2, data not shown).
Assessment of 5-LO/LTC4S pathway proteins by SDS-PAGE immunohlot analysis during eosinophilopoiesis from CD34-bearing progenitors.
To evaluate the sequence of acquisition for the individual S-LO pathway enzymes in purified hematopoietic progenitors, cord blood CD34-bearing cells were harvested for immunoblot analysis after 0, 3, 7, 10, and 14 days of culture in the presence of 350 pmol/L rhIL-3, 200 pmol/L rhIL-5, and Matrigel. Before culture, none of the cells had eosinophil or basophil granules by staining with Wright's and Giemsa stains, and no SDS-PAGE immunoblot signals were detected for any of the 5-LO pathway enzymes. At 3 days, 15% 2 1% of the cells in all four experiments, 18-kD FLAP protein was detected in five of six experiments, and 18 kD LTC,S was detected in two of six experiments (Table 2) . At IO days, when 78% 2 2% were hybrid granulocytes with 11% 2 1% mononuclear eosinophils, 6.0% 2 0.2% basophils and 5% 2 I % mononuclear cells without granules, and at 14 days, when 71% 2 2% were hybrid granulocytes with 21% 2 l % mononuclear eosinophils, 6% 2 1 % basophils, and 2% 2 1 % mononuclear cells without granules, SDS-PAGE immunoblot signals for all of the 5-LO pathway enzymes were detected, including the 18-kD signal for LTC,S ( Table 2, Fig 2) .
Detection of 5-LO/LTC4S pathway proteins during eosinophilopoiesis from mixed cord blood progenitors by steady-state mRNA transcripts and SDS-PAGE immunohlot analysis. To evaluate the levels of steady-state mRNA and corresponding proteins of the 5-LO/LTC4S pathway, cells cultured from mixed cord blood progenitors in the presence of 350 pmol/L rhIL-3, 200 pmol/L rhlL-5, and Matrigel were harvested at I week (6 days or 7 days), 2 weeks (13 days or 14 days), 3 weeks (21 days), or 4 weeks (27 days or 28 days) of culture. The experiments providing the mean data for the proteins depicted in Fig  3 used replicates of the cells included in Table I ; thus, the differentials for the eosinophil lineage in Fig 3 and Table 1 are comparable. The 4.4 kilobase pair (kbp) RNA blot hybridization signals for cPLA2 were negligible or absent at all time points in three of four experiments. In one experiment, cPLA, mRNA was evident at 7 days, peaked at 21 days, then declined by 28 days of culture (Fig 3A) . SDS-PAGE immunoblot signals for cPLA2 were detectable at all time points as illustrated for a representative experiment (Fig 3B) . Densitometric analysis showed equivalent signals at 2 weeks, when the eosinophil lineage was dominant, and 3 and 4 weeks, when there was further were hybrid granulocytes (n =-6). Both the 85-kD cPLA2 (Fig 3A) . Densitometry measurements of SDS-PAGE immunoblots showed an increasing 5- Fig 4) , as depicted for a q * -representative experiment (Fig 3B) . Signal density for each protein at 21 or 28 days was divided by the density of the corresponding band at 14 days, which was expressed as 1.00 for each blot. Data at 21 days represent the mean ? 112 range of two independent experiments for each protein except for LTC,S, for which four measurements were obtained. The 28-day data represent the mean ? SEM for four independent experiments, except for cPLA2, for which three measurements were obtained.
RNA blot hybridization signals for FLAP at 1 .O kbp were strong for all time points in all four experiments performed (Fig 3A) . SDS-PAGE immunoblot signals for FLAP increased at each time point once the eosinophil lineage was dominant at 2 weeks (1.83-2 0.62-fold (n = 2) and 2.62-f 0.42-fold (n = 4) increases in FLAP signals at 3 and 4 weeks, respectively, Fig 4) , as depicted for a representative experiment (Fig 3B) .
RNA blot hybridization signals for LTC,S were undetectable in cultures of mixed cord blood mononuclear cells before 2 weeks (n = 4, Fig 3A) . At 14 days, the 0.7-kbp hybridization signal for LTC4S appeared and was evident at each subsequent time point for each experiment (Fig 3A) . LTC4S protein also became detectable by immunoblot at 2 weeks of culture (Fig 3B) . Densitometry signals for LTC,S protein increased substantially at each successive time point analyzed (4.39-t 1.35-fold and 5.73-f 0.44-fold increases at 3 and 4 weeks, respectively, relative to 2 weeks, n = 4 for each) (Fig 4) .
Assessment of 5-LO/LTC4S pathway proteins by stead?-state transcripts and SDS-PAGE immunohlot analysis in ma-
ture peripheral blood eosinophils before and after phenotypic conversion in vitro. In freshly isolated peripheral blood eosinophils of 93% 2 2% purity (n = 3), RNA hybridization signals for cPLA, were undetectable. A signal was weakly detectable after a 7-day period of culture in the presence of 10 pmol/L rhIL-5 on a monolayer of 3T3 fibroblasts (Fig 5A) . SDS-PAGE immunoblot signals for cPLAz ( Fig   Fig 3. RNA blot (A) and protein immunoblot (B) anatysisfor CPU, , 5B) were roughly equivalent before and after the 7-day pe-&LO, FLAP, and LTC,S during eosinophilopoiesis in vitro from mixed riod of culture (1.48-2 0.46-foId increase in densitometric cord blood mononuclear cells at 7. 14. 21. and 28 days of culture in signal intensity with culture, average -t 112 range, n = 2). Fig 5A) . whereas dent experiments is shown. The FLAP mRNA hybridization signal did not change during the 7 days of culture (Fig SA) , and the corresponding SDSCells Culture LTC,S Activity PAGE immunoblot signal (Fig SB) also did not change (7- in vitro-derived eosinophils 7
the corresponding SDS-PAGE immunoblot signal for 5-LO
day signal intensity 0.83-? 0.14-fold that of freshly isolated tectable during the 7-day period Of culture ( Fig SA) in all Subcellular activity of LTC,S measured by conversion of LTA,ME three experiments performed. However, the immunoblot sigto LTC,ME at various stages of eosinophilopoiesis in vitro and for rial for LTC4S did not change during the 7-day interval of peripheral blood eosinophils before and following a 7-day period of culture in the presence of 10 pmol/L rhlL-5 on a monolayer of 3T3 fibroblasts. Results are expressed as nmol LTC,ME generated/106 eosinophil-lineage cellslh. Numbers in parentheses indicate the number of experiments performed.
Days of
culture (Fig SB) (signal intensity at 7 days 1.03-2 0.38-fold that of freshly isolated peripheral blood eosinophils,
Protein-containing lysates of peripheral blood eosinophils cultured for 7 days in the presence of I O pmol/L rhIL-S on a fibroblast monolayer and of replicates cultured in the presence of 350 pmol/L rhIL-3 and 200 pmol/L rhlL-S, showed equivalent changes in SDS-PAGE immunoblot signals for cPLA2, S-LO, FLAP, and LTC4S compared with time zero (n = 1, data not shown).
LTCJ activity. Cord blood mononuclear cells cultured for 7 days in the presence of 3-50 pmol/L rhIL-3, 200 pmol/ L rhIL-S and Matrigel produced 0.60 t 0.45 nmol LTC, ME/lOh eosinophil-lineage cellshour with the provision of the substrate LTA,ME (average t 1/2 range, n = 2) ( Table  3) . At 14 days of culture, the nonadherent cells (87% ? 1% hybrid granulocytes, 4% t 1% mononuclear eosinophils, 1.0% ? 0.1 % segmented eosinophils, 2.3% 5 0.3% basophils, 5.7% ? 0.2% mononuclear cells without granules) produced threefold more product (1.87 2 .20 nmol LTC4ME/ IOh eosinophil-lineage cellshour) (n = 3) and by 28 days, the nonadherent cells (68% t 6% mononuclear eosinophils, 17% 2 6% segmented eosinophils, 14% t-1% hybrid granulocytes, 1% ? 1% mononuclear cells without granules) exhibited a further doubling of enzymatic activity (3.58 2 1.01 nmol LTC4ME/IOh eosinophil-lineage cellshour, average 5 1/2 range, n = 2) ( Table 3) . Peripheral blood eosinophils produced 1.68 ? 0.15 nmol LTC4ME/10h cellshour before culture and 1.73 5 0.21 nmol LTC4ME/I06 cellshour after 7 days of culture (Table 3 ) (n = 3).
DISCUSSION
The expression of LTC4S during the development of eosinophils in vitro from cord blood-derived progenitors was related both to selection for cells of the eosinophil lineage and to maturation of that lineage. That the expression of LTC4S during eosinophilopoiesis in vitro was delayed rela- proteins were present in this starting cell population (Fig 2) .
For personal use only. on October 23, 2017. by guest www.bloodjournal.org From Both cPLA2 and 5-LO were evident on SDS-PAGE immunoblot by 3 days of culture in three of four experiments, when 15% of the cells were identifiable as eosinophil lineage by staining with Wright's and Giemsa stains. FLAP appeared by 7 days in five of six experiments, and LTC4S by 10 days in six of six experiments (Fig 2, Table 2 ), at time points when 76% and 89% of the cells, respectively, were of the eosinophil lineage. As compared with the eosinophil-lineage cells at 7 days, the 10-day cells were more densely and uniformly granulated, implying a greater degree of differentiation. Thus the acquisition of the 5-LO pathway proteins was discordant, with proteins responsible for the biosynthesis of LTA, from arachidonic acid (cPLA2, 5-L0, FLAP) being acquired earlier than the protein regulating the terminal conjugation of LTA, to reduced glutathione (LTC4S).
Although limited cell numbers precluded the analysis of the integrated 5-LO/LTC4S pathway function of intact cells in the experiments using purified CD34-bearing progenitors, cultures of mixed cord blood mononuclear cells permitted the concurrent detection of RNA, protein, and function. Relative to the other components of the 5-LO/LTC4S pathway, LTC,S was again delayed as a steady-state transcript and immunodetectable protein (Fig 3) . In these starting cultures of mixed cord blood cells, protein and mRNA signals for cPLA2, 5-L0, and FLAP were each detectable (not shown), whereas the signals for LTC,S were absent until 2 weeks (Fig 3) . LTC,S activity was detected at 7 days in the absence of an immunoblot signal, consistent with our previous observation that the subcellular functional assay for LTC,S activity is more sensitive than detection by SDS-PAGE immunoblot analysis.36 The LTC4S activity at 7 days of culture, expressed as the quantity of LTC4ME produced per lo6 eosinophil-lineage cells from LTGME, was less than one third of the activity at 14 days, when LTC4S activity was equivalent to that of freshly isolated peripheral blood eosinophils (Table 3 ). This increment in LTC,S function in the cultured cord blood cells occurred concomitantly with changes in nuclear condensation and granule density indicative of differentiation and maturation within the eosinophil lineage (Fig 1A and B) . The failure to detect cysteinyl leukotriene generation in response to calcium ionophore stimulation at 7 days (Table 1 ) may be due both to the limited number of eosinophil lineage cells (19% ? 7% of the 7-day population as assessed by staining with Wright's and Giemsa stains), and to the relative immaturity of these cells.
There was a 5.7-fold increase in the protein immunoblot signal for LTC,S between 14 days and 28 days (Fig 3B and  Fig 4) , accompanied by a twofold increase in the level of LTC,S activity (Table 3 ) and a fourfold increase in total cysteinyl leukotriene generation ( Table 1) . This interval of culture was accompanied not only by further nuclear condensation and increased eosinophil granule density, but also by a marked reduction in hybrid granulocytes (Fig 1B and C) . Thus the maturation-related morphologic changes of eosinophil lineage cells from day 7 through day 28 (Fig 1) are associated with incremental increases in LTC4S immunodetectable protein (Fig 3B and Fig 4) , in LTC4S subcellular function per eosinophil-lineage cell (Table 3) , and in integrated cysteinyl leukotriene production in response to calcium ionophore (Table l) . The expression of LTC4S appears to be a marker of maturation within the eosinophX1ineage;-The acidophilic granules of eosinophils are their most distinctive morphologic characteristic and a well-established lineage marker. A previous study of granule protein acquisition in cord blood-derived eosinophils showed expression of steady-state mRNA transcripts for the eosinophil granule proteins (eosinophil peroxidase, major basic protein, eosinophil-derived neurotoxin (EDN), and the eosinophil cationic protein) by 8 days of culture.?' With our culture system, we previously observed an mRNA signal for EDN at 3 days of culture, with a marked signal by 7 days,29 suggesting that the acquisition of LTC4S may occur along with eosinophil granule development.
Although cysteinyl leukotriene generation in response to stimulation with calcium ionophore during eosinophil development from cord blood-derived progenitors was associated with the appearance of LTC4S protein and incremental increases in protein (Fig 3B and Fig 4) and subcellular activity per eosinophil-lineage cell (Table 3) , the increased integrated activity of the 5-LO/LTC4S pathway observed between 14 and 28 days (Table 1) is not solely attributed to changes in LTC,S. Whereas the cPLA2 immunoblot signals were equivalent at 14,21, and 28 days (Fig 4) , SDS-PAGE immunoblot signals for FLAP and 5-LO each increased by more than twofold after 2 weeks, when the eosinophil lineage predominated (Fig 3B and Fig 4) . FLAP is required for 5-LO activity in intact cells, serving in the presentation of arachidonic acid to 5-L0.'4*74 Cotransfection experiments performed in SF-9 cells showed that the presence of FLAP favored the twostep catalysis by 5-LO of exogenously supplied arachidonic acid to LTA, when compared with cells transfected with 5-LO alone.38 Furthermore, the upregulation in the capacity for LTB, generation observed during the differentiation of peripheral blood monocytes into alveolar macrophages was attributed to a relative increase in FLAP protein as measured by SDS-PAGE immunoblot." Thus, the availability of FLAP and 5-LO, as well as LTC4S, may be a crucial determinant of the integrated activity of the 5-LO/LTC4S pathway of developing eosinophils.
All 5-LO/LTC4S pathway proteins were present in freshly isolated peripheral blood eosinophils (Fig 5B) . In contrast to the cord blood-derived eosinophils, however, mRNA transcripts for cPLA2 and LTC4S were undetectable by RNA blot analysis (Fig 5A) . Although the steady-state mRNA transcripts for cPLA2 and LTC4S became detectable after 7 days of culture on a fibroblast monolayer in the presence of low (10 pmoVL) concentrations of rhIL-5, there was no concomitant change in the immunoblot signals for either of these enzymes (Fig 5B) or in the subcellular measurement of LTC4S activity (Table 3 ). The influence of hematopoietic cytokines on LTC4S mRNA or protein levels has not previously been studied in peripheral blood eosinophils, and the regulation of LTC4S mRNA transcription or stability or protein turnover remains unexplored. The culture of these peripheral blood eosinophils resulted in a 2.3-fold increase in calcium ionophore-induced cysteinyl leukotriene synthesis (Table l) , and was associated with a fourfold increase in the immunoblot signal for 5-LO in the absence of any upregulaFor personal use only. on October 23, 2017. by guest www.bloodjournal.org From tion of FLAP protein (Fig 5B) . Hence the observed increase in cysteinyl leukotriene production by mature peripheral blood eosinophils after a l-day period of cytokine primingz4 appears to be related to an increase in 5-LO protein. The concentrations of eosinophilopoietic cytokines used in this study, as well as other studies of eosinophilopoiesis in v i t r~,~' ,~ are approximately 20-fold greater than the concentrations needed to achieve cytoprotection and priming of peripheral blood eosinophils for LTC, generation and other function^.^^^^^ Peripheral blood eosinophils exposed 7 days to 10 pmol/L rhIL-5, or to 350 pmol/L rhIL-3 and 200 pmol/ L rhIL-5, showed equivalent priming of ionophore-stimulated LTC, synthesis and equivalent changes in immunoblot signal intensity, including 5-LO. The short-term incubation of human neutrophils with GM-CSF is reported to increase steady-state levels of 5-LO mRNA and protein by SDS-PAGE immunoblot, along with an increased capacity for LTB, prod~ction.~',~' The hematopoietic cytokines, therefore, appear to prime mature granulocytes for augmented leukotriene production at least partly through the induction The generation of cysteinyl leukotrienes by peripheral blood eosinophils was limited to LTC4, which is consistent with earlier s t~d i e s . l~~~~~~~
In contrast, the product profile of both 14-day and 28-day cells derived in vitro and stimulated with calcium ionophore included both LTC4 and LTD4, but not LTE4 (Table 1) . Thus, the culture system provides a source of gamma glutamyl transpeptidase, which is required for the extracellular conversion of LTC, to LTD, . l 9 Although the cell source of this activity is unclear, the absence of any ionophore-induced LTB4 diminishes the likelihood that the source is neutrophils or monocytes. Perhaps eosinophil-lineage cells express this activity during their development in vitro. It is known that immature, transformed rat basophilic leukemia cells exhibit gamma glutamyl transpeptidase funct i~n .~' In summary, the cytokine-directed changes in the proteins of the 5-LO/LTC4S pathway during the development of eosinophils in vitro from cord blood progenitors cultured in the presence of rhIL-3, rhIL-5, and Matrigel relate LTC,S to the eosinophil lineage. The proximal components of the 5-LO pathway develop early during eosinophilopoiesis, before lineage is evident on morphologic grounds and before LTC4S. Once the lineage is established, the eosinophilopoietic cytokines mediate further upregulation of 5-L0, as well as FLAP and LTC4S, members of a newly recognized gene family," during ongoing maturation.
